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Outline

Is the Hubbard model superconducting?

How does superconductivity arise in the presence of a pseudogap?
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Cuprates and the Hubbard Model
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Cuprates and the Hubbard Model

Hg1201 Y123
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Cuprates and the Hubbard Model

| t : nearest neighbor hopping

Lo t’ : next-nearest neighbor hopping
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Cuprates and the Hubbard Model

ST t : nearest neighbor hopping

t’ : next-nearest neighbor hopping
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Pairing in the Hubbard model: Pre - Quantum Cluster Period

d-wave pair-field susceptibilty
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DQMC on

4 x 4 Hubbard lattice
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Pairing in the Hubbard model: Pre - Quantum Cluster Period
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Pairing in the Hubbard model: Pre - Quantum Cluster Period

d-wave pair-field susceptibilty
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Quantum Cluster Theories

‘ Finite size approximations
(ED, DMRG, DQMC, ...)
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Quantum Cluster Theories 5 o o o

‘ Finite size approximations
(ED, DMRG, DQMC, ...)
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I Dynamical Cluster Approximation i
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Quantum cluster theory of superconductivity in the Hubbard model

PHYSICAL REVIEW B VOLUME 62, NUMBER 14 1 OCTOBER 2000-II

Antiferromagnetism and d-wave superconductivity in cuprates: A cluster dynamical
mean-field theory

A. L. Lichtenstein' and M. 1. Katsnelson”
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Quantum cluster theory of superconductivity in the Hubbard model
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Quantum cluster theory of superconductivity in the Hubbard model
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Quantum cluster theory of superconductivity in the Hubbard model

PHYSICAL REVIEW B 76, 104509 (2007)

Strongly correlated superconductivity: A plaquette dynamical mean-field theory study

Kristjan Haule and Gabriel Kotliar
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Quantum cluster theory of superconductivity in the Hubbard model
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Quantum cluster theory of superconductivity in the Hubbard model
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Stripes?
np | Quantum Materials 2018

ARTICLE
Stripe order from the perspective of the Hubbard model

Edwin W. Huang'?, Christian B. MendI?, Hong-Chen Jiang?, Brian Moritz** and Thomas P. Devereaux®*
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Pairing interaction and Bethe-Salpeter equation

Particle-particle Bethe-Salpeter equation relates gap

function ¢p(k) to pairing interaction I'(k, k')
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Pairing interaction and Bethe-Salpeter equation

Particle-particle Bethe-Salpeter equation relates gap d-wave pair-field susceptibility

function ¢(k) to pairing interaction I'(k, k') P .[ﬁd (T A@)AT(0))
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Pairing interaction and Bethe-Salpeter equation

Particle-particle Bethe-Salpeter equation relates gap d-wave pair-field susceptibility

function ¢(k) to pairing interaction I'(k, k') P .[ﬁd (T A@)AT(0))
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I Structure of the pairing interaction
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DCA phase diagram

Schematic DCA phase diagram
(12-site cluster, U=7¢t, t'/t=-0.15)
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DCA phase diagram

Schematic DCA phase diagram
(12-site cluster, U=7¢t, t'/t=-0.15)
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I Pseudogap in the 2D Hubbard Model
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Pseudogap induced by short-range spin correlations in a doped Mott insulator
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Valence bond dynamical mean-field theory of doped Mott
insulators with nodal/antinodal differentiation

M. FERRERO!, P. S. CorNAGLIAY2, L. DE LEo!, O. PARCOLLET?, G. KOTLIAR* and A. GEORGES! PHYSICAL REVIEW B 82, 155101 (2010)
Momentum-space anisotropy and pseudogaps: A comparative cluster dynamical mean-field
analysis of the doping-driven metal-insulator transition in the two-dimensional Hubbard model
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Pairing in a dry Fermi sea

Normal metal: Cooper log instability

K, / k

P(T)

"1 —NT)

AT) = VPy(T)

P(T) ~ log(a/T)

» Pairing interaction Vis set at high T and SC
instability arises from Cooper log divergence

of pair propagator Py(T)
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15 National Laboratory



Pairing in a dry Fermi sea

Cuprate pseudogap phase: Absence of

Cooper log divergence

Normal metal: Cooper log instability -k A
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of pair propagator Py(T)



Pairing interaction in pseudogap regime

2T) ~ Py (T)VAT)

TAM et al., Nat. Comm. ‘16
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I Spin-fluctuation interaction

d-wave eigenvalue (Hubbard model)
‘IO_ SR ................ ................ ................ ................ ................ ................

' ' ~Interaction
08— T N @ irr. particle-particle vertex

RPA spin-fluctuation interaction
3

PPk, wik,w') ~ = DPxs(k — K w — )
06 \ ________________ S e 2 e |

p Spin-fluctuation strength increases similar to

the d-wave pairing kernel as T is lowered
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Spin-fluctuation interaction

d-wave eigenvalue (Hubbard model)
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Nature of pair-field fluctuations across the superconducting dome

Schematic DCA phase diagram
(12-site cluster, U=7¢%, t'/t=-0.15)
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Nature of pair-field fluctuations across the superconducting dome

Schematic DCA phase diagram
(12-site cluster, U=7¢%, t'/t=-0.15)
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Doping dependence of «(T) =1 - 1/(T)

Bulk magnetic susceptibility
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I Doping dependence of £(T)

XS(q:OIT)
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I Doping dependence of £(T) p (1) = 4D
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I Doping dependence of £(T) p (1) = 4D

1 — 4T
Bulk magnetic susceptibility g(T) =1 - Ag(T)
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I Doping dependence of £(T) p (1) = 4D

1 — 4T
Bulk magnetic susceptibility g(T) =1 - Ag(T)
0.65 1.0
060 — <{n»=0.850
O {n»=0.875 0.8
0.55— A <(n»=0.900 |
e <n»=0.930
0.50 — N
= 0.6 —
T 0.45— e
S -
= 0.40-— \\ 0.4 -
0.35— \
0.2—
0.30 —
0 0.1 0.2 0.3 0.4 0
T/t
= Pseudogap in ) .
‘T Overdoped region

underdoped region

0.15

e(T) ~ In(T/ Ti,v[F)

T/t

0.10 —

TAM & Scalapino, npj Quant. Mat. 19 0.05-

23 %OAK RIDGE ’ 0 OI]S O.|10 O.|15 0|2(; 0.25

National Laboratory



I Doping dependence of £(T)

Xs(q_O,T)
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I Phase fluctuations in underdoped pseudogap region
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» Amplitude of local pair-field limited by
opening of pseudogap
» Increase in pairfield susceptibility reflects

increase in phase coherence
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Junction pair tunneling current

(I(V)) = cA Pj(w = 2eV)

Ginzburg-Landau (ladder) approximation T ) @
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0 with T<(S) < T < T(S")
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P, (T) \ Scalapino, PRL 24, 1052 (1970)
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Junction pair tunneling current

<I(V)> — CAdPC,Z/(a) — 2€V) 140 J.T. Anderson et al., Proc. of 13th
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Superconductivity in 2D Hubbard Model: Summary

» Cluster dynamical mean field theory finds robust d-wave superconductivity in

the doped 2D Hubbard model (as well as a pseudogap)

» The pairing interaction carries spin S=1, increases with momentum transfer,

and its dynamics reflects the spin fluctuation spectrum

» Inthe overdoped region, the superconducting instability arises from the

conventional Cooper log divergence of the pair propagator

» Inthe underdoped pseudogap region, the Cooper log instability is absent,
and superconductivity arises from an increase in the pairing interaction as the

temperature is lowered and the development of long range phase coherence
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